The inherent capability to deform and reform in a predefined environment is a unique property existing in shape memory polyurethane. The intrinsic shape memory ability of the polyurethane is due to the presence of macro domains of soft and hard segments in its bulk, which make this material a potential candidate for several applications. This review is focused on manifesting the applicability of shape memory polyurethane and its composites/blends in various domains, especially to human health such as shielding of electromagnetic interference, medical bandage development, bone tissue engineering, self-healing, implants development, etc. A coherent literature review highlighting the prospects of shape memory polyurethane in versatile applications has been presented.
Introduction
The unique capability to deform in predefined conditions and recover back to its original shape upon being triggered by different stimuli such as heat, radiation, pH, hydration, and mechanical, magnetic, and electrical influences, etc., make polyurethane a potential candidate for several applications. Polyurethanes which are versatile materials with extraordinary characteristics, inherently have two macro-phase separated domains due to the presence of a urethane bond between soft and hard segments, alternatively. However, the urethane bond is formed due to the chemical reaction between hard segment (i.e., diisocyanate) and soft segment (i.e., polymeric diol). The capability of shape memory comes from the concept of these soft and hard segments in polyurethane. The presence of hard segment provides the mechanical strength which is responsible for it to remember the initial shape after deformation whereas the energy for dissipation is stored by soft segments providing the desired force to polyurethane in order to revive it to its initial form by the action of external stimuli [1] . The soft and hard segments in polyurethanes govern the transitions behavior triggered by radiation, sound, heat, etc., resulting in the shape memory effect. The shape memory effect in polyurethane and its composites can be one-way, two-way, triple or quadruple based on the number of transition temperatures and soft and hard contents [2] [3] [4] .
The shape memory ability makes polyurethane a strong candidate for several applications such as self-tightening sutures, sensors, self-healing, implants, actuators [5, 6] , wearable electronics, etc. It was first developed by Shunichi Hayashi and his group [7, 8] . However, it has been experienced by the scientific community that pristine polyurethane does not suffice the properties required for the desired applications. Therefore, they have come up with an idea to incorporate foreign materials such as polymer, fillers, etc., in the polymer matrix which can induce the desirable property for targeted application. Incorporation of the fillers in polyurethane matrix results in enhanced Figure 1. Illustration of the mechanism for electromagnetic wave attenuation in a multilayer sandwich structure [20] .
Similarly, Yan et al. [22] proposed a novel facile method for the development of a sponge filled with graphite for electromagnetic wave shielding. They focused on preparing a high carbon loaded sponge with high porosity which can be utilized for the repeated reflection and interference of an EM wave without affecting the shape memory property. As proposed in Figure 2b , they prepared a graphite coated melamine sponge by way of the dip coating drying method. They found that that the electrical conductivity of the sponge was enhanced to 0.01 S/cm with an increase in the graphite content in the bulk. The shape memory activity was intact to more than 90% for 18% graphite content with the electromagnetic shielding effectiveness of 30 dB. It indicates that the developed material achieved a shielding percentage over 99%. They also proposed the mechanism for the microwave shielding shown in Figure 2a . The shielding can be achieved by the multiple internal reflection which reduces the intensity of the EM wave which is attributed as absorption of the wave. (a) Multi-reflection mechanism for microwave shielding, (b) fabrication method for shape memory graphite filled polyurethane sponge [22] .
Pressure Bandage Application
In biomedical application, the wound and venous leg ulcer treatment is indeed a significant problem [23] . Ulcers can be developed to persons who are affected by the reduced blood flow in leg due to diabetes, rheumatoid disease, due to aging, low physical activity, etc. [24] . The increased sugar Figure 1 . Illustration of the mechanism for electromagnetic wave attenuation in a multilayer sandwich structure [20] .
Similarly, Yan et al. [22] proposed a novel facile method for the development of a sponge filled with graphite for electromagnetic wave shielding. They focused on preparing a high carbon loaded sponge with high porosity which can be utilized for the repeated reflection and interference of an EM wave without affecting the shape memory property. As proposed in Figure 2b , they prepared a graphite coated melamine sponge by way of the dip coating drying method. They found that that the electrical conductivity of the sponge was enhanced to 0.01 S/cm with an increase in the graphite content in the bulk. The shape memory activity was intact to more than 90% for 18% graphite content with the electromagnetic shielding effectiveness of 30 dB. It indicates that the developed material achieved a shielding percentage over 99%. They also proposed the mechanism for the microwave shielding shown in Figure 2a . The shielding can be achieved by the multiple internal reflection which reduces the intensity of the EM wave which is attributed as absorption of the wave.
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In biomedical application, the wound and venous leg ulcer treatment is indeed a significant problem [23] . Ulcers can be developed to persons who are affected by the reduced blood flow in leg due to diabetes, rheumatoid disease, due to aging, low physical activity, etc. [24] . The increased sugar level in blood and fatty substance level on the internal wall of veins can cause progressive occlusion of the vessels [25, 26] . The healing of an ulcer can be induced by several methods whereas the application of gradual external pressure can be extremely helpful [27] . The skin and vascular changes can be minimized or reversed by driving fluids using external compression from the interstitial spaces into the vascular and lymphatic compartments [28] . It is found from the research that the external compression should be applied in gradual fashion in an upward direction with highest pressure at the ankle [29] . The compression can be employed by the application of pressure to govern fluid retention and suppress the swelling of the lower limb. Adequate pressure can be produced using pressure bandages due to the differences in their structure and rubber/elastic yarn content. However, several factors such as shape and circumference of the limb can affect the ability of normal pressure bandages to generate sustained compression. SMPs and their composites may serve as alternatives to produce a new class of pressure bandages. SMPs have several advantages including large strain, low cost, biocompatibility, easy processability and may thus be employed in the pressure bandage application. An inherent property of the SMP is to generate strength for recovery through the release of deformation energy upon external stimuli and the same strength can be used to generate the pressure on any circular objects. Ahmad et al. [30] attempted to use the property of shape memory polymer for the pressure bandage application. They proposed two designs of bandages ( Figure 3 ) which consisted of pre-stretched strips of temperature responsive SMPs with low transition temperature (around 50 • C) attached with fabric either with fixed strain of different length or fixed length of different strains. The developed bandage can be wrapped around the leg and the strips will shrink to their original shape upon application of external heat using a hair drier or a hot towel. The shrinkage of the SMP provides a coaxial force acting inwards (Figure 4a ,b) with pre-defined pressure and its distribution for the venous leg treatment. The typical required pressure for the leg ulcer treatment at ankle is around 40 mmHg which reduces to 15 mmHg at the upper part of leg ( Figure 4c ).
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The aforementioned study used polycaprolactone diol as a soft segment, diisocyanate as a hard segment, and butanediol as a chain extender in the polyurethane preparation. The developed polyurethane had a maximum strain over 800% with 6.2 MPa stress and 82% recovery ratio with a transition temperature around 45-50 °C. They found from the experiments that the bandage with highly strain stored an increased amount of mechanical energy leading to the higher recovery force generating higher pressure upon heat treatment. Their results demonstrated that SMP bandages are proficient to maintain the required pressure for relatively longer duration. The immersion of bandage in water for two hours at room temperature had no measurable effect, therefore, sweating and body fluid may not affect its performance significantly. The inventors of this pressure bandage have notified that the generated pressure may drop during use and can be readjusted by any non-skilled person at home using hot towel or hair drier which considerably simplifies the treatment. They also concluded that SMP bandages can be used multiple times by using higher activation temperature without dropping their shape memory ability. Woven and non-woven textiles made out of shape memory polyurethanes or in combination with other polymer filaments [31] [32] [33] can also be used for pressure bandages (also referred as smart stockings) and produce a massage effect. Stress control mechanism in shape memory fabric materials for providing dynamic compression can be an improvement for chronic patients. In this concern, Narayana et al. [34] attempted to integrate shape memory polymeric filaments with nylon filament in order to produce optimum pressure via structural optimizations. They found that fabric structure and physical parameters such as float length, loop length, stitch density, etc., affect the interfacial pressure for the development of desired compression. They also found that the heating and cooling cycle can help in the development of dynamic stress on legs and maintain the desired pressure. The structure with short loop length (2.5 mm) showed extra pressure (25 mmHg) and controlled the massage effect by stocking which significantly enhanced the blood flow velocity in the vein.
For further research and suitable application in biomedical area, same SMPs can be used along with nanofibers [35] having drug release capability for smart bandages.
Bone Tissue Engineering
More than 4.5 million reconstructive surgical procedures are reported to be executed yearly worldwide in response to the bone injuries [36] . A constant increase in diseases such as osteoporosis, tumors, and osteonecrosis has also been witnessed due to disordered lifestyle responsible for annihilation of bone tissues. In addition, traumatic injuries or ineffective healing after traumatic injuries leads to the destruction of bone tissues. Generally, our body heals the bone fractures naturally using different bone cells. The process of bone healing begins with bleeding and as the blood flows down to the bone fracture site, it forms a clot resulting in swelling in the broken area. Further, the dead cells and germs are cleaned up by a force of white blood cells and the blood clot starts to reduce. This triggers the osteoclasts cells to remove the broken dead bone rubbles followed by the formation of fibrocartilage tissues with the help of chondroblasts cells which hold the broken bone ends together. Simultaneously, osteoblasts and fibroblasts start building the bone tissues and producing collagen fibers, respectively, in combination and produce tissue called as soft callus. The soft callus begins to harden with time which is called as bony callus and the excessive bone tissue reabsorbed by osteoclasts leads to a healed and healthy bone. The time taken for the healing process may differ on the basis of different conditions such as general health condition, presence of infection, age of the person, blood supply condition, and the type of breakage. The small defects in the bones are healed naturally by the growth, renewal, and repair mechanism as explained previously. However, in case of bone defects bigger than the critical size, the healing process turns out to be crucial and it becomes necessary to develop new bone regeneration techniques using tissue engineering methods. Tissue engineering is mainly based on three fundamental things which constitute a template for the tissue formation which is a porous three-dimensional scaffold made of osteoinductive biomaterials, cells for tissue generation, and growth factors. The porous scaffolds should have the capability to support The aforementioned study used polycaprolactone diol as a soft segment, diisocyanate as a hard segment, and butanediol as a chain extender in the polyurethane preparation. The developed polyurethane had a maximum strain over 800% with 6.2 MPa stress and 82% recovery ratio with a transition temperature around 45-50 • C. They found from the experiments that the bandage with highly strain stored an increased amount of mechanical energy leading to the higher recovery force generating higher pressure upon heat treatment. Their results demonstrated that SMP bandages are proficient to maintain the required pressure for relatively longer duration. The immersion of bandage in water for two hours at room temperature had no measurable effect, therefore, sweating and body fluid may not affect its performance significantly. The inventors of this pressure bandage have notified that the generated pressure may drop during use and can be readjusted by any non-skilled person at home using hot towel or hair drier which considerably simplifies the treatment. They also concluded that SMP bandages can be used multiple times by using higher activation temperature without dropping their shape memory ability.
Woven and non-woven textiles made out of shape memory polyurethanes or in combination with other polymer filaments [31] [32] [33] can also be used for pressure bandages (also referred as smart stockings) and produce a massage effect. Stress control mechanism in shape memory fabric materials for providing dynamic compression can be an improvement for chronic patients. In this concern, Narayana et al. [34] attempted to integrate shape memory polymeric filaments with nylon filament in order to produce optimum pressure via structural optimizations. They found that fabric structure and physical parameters such as float length, loop length, stitch density, etc., affect the interfacial pressure for the development of desired compression. They also found that the heating and cooling cycle can help in the development of dynamic stress on legs and maintain the desired pressure. The structure with short loop length (2.5 mm) showed extra pressure (25 mmHg) and controlled the massage effect by stocking which significantly enhanced the blood flow velocity in the vein.
More than 4.5 million reconstructive surgical procedures are reported to be executed yearly worldwide in response to the bone injuries [36] . A constant increase in diseases such as osteoporosis, tumors, and osteonecrosis has also been witnessed due to disordered lifestyle responsible for annihilation of bone tissues. In addition, traumatic injuries or ineffective healing after traumatic injuries leads to the destruction of bone tissues. Generally, our body heals the bone fractures naturally using different bone cells. The process of bone healing begins with bleeding and as the blood flows down to the bone fracture site, it forms a clot resulting in swelling in the broken area. Further, the dead cells and germs are cleaned up by a force of white blood cells and the blood clot starts to reduce. This triggers the osteoclasts cells to remove the broken dead bone rubbles followed by the formation of fibrocartilage tissues with the help of chondroblasts cells which hold the broken bone ends together. Simultaneously, osteoblasts and fibroblasts start building the bone tissues and producing collagen fibers, respectively, in combination and produce tissue called as soft callus. The soft callus begins to harden with time which is called as bony callus and the excessive bone tissue reabsorbed by osteoclasts leads to a healed and healthy bone. The time taken for the healing process may differ on the basis of different conditions such as general health condition, presence of infection, age of the person, blood supply condition, and the type of breakage. The small defects in the bones are healed naturally by the growth, renewal, and repair mechanism as explained previously. However, in case of bone defects bigger than the critical size, the healing process turns out to be crucial and it becomes necessary to develop new bone regeneration techniques using tissue engineering methods. Tissue engineering is mainly based on three fundamental things which constitute a template for the tissue formation which is a porous three-dimensional scaffold made of osteoinductive biomaterials, cells for tissue generation, and growth factors. The porous scaffolds should have the capability to support cell adhesion, proliferation, and differentiation promoted by growth factors. The structural and mechanical integrity of the scaffold are the vital parameters to facilitate and regulate the daily cellular processes and bone healing. In addition, the degradation rate of biomaterials should be consistent with the growth rate of new tissues. Therefore, designing the scaffold for the purpose of regenerating target tissue may be regarded as the most important part in tissue engineering. Bone tissues can be repaired using scaffolds made of different ceramics, metallic and polymeric materials [37] such as polylactic acid (PLA) [38] , polycaprolactone (PCL), polyglycolic acid (PGA), polypropylene fumarate (PPF), polyurethanes, polyhydroxyalkanoates (PHA), silk fibroin, chitosan, alginate, cellulose, etc. [39] . Different aspect of biopolymers as a bone substitute is discussed elsewhere [40] .
In the process of designing scaffolds and their implantation in human body, it is always beneficial to have precisely matched dimensions with the contour of bone defect. Therefore, polymers or their composites with shape memory properties can contribute significantly and scientists and researchers have developed different materials for the same application. Due to advantage of shape memory programming, polyurethane and its composites can maintain a temporary structure of interest and recover as per the need after incorporation in bone via minimal invasive bone repair [41] . Correia and coworkers [42] developed a chitosan based scaffold which possess shape memory ability triggered by hydration. The same group [43] added bioactive glass nanoparticles in chitosan by sol-gel method in order to enhance bioactivity and biomineralization ability of chitosan scaffold without affecting shape memory with a 89.9% recovery ratio. A bone like apatite layer was formed due to presence of bioactive glass when the scaffold was subjected to simulated body fluid (SBF), which suggested the suitability of the material for bone tissue engineering. The developed dehydrated composite scaffold with the temporary shape was placed in a defect of pig femur bone model which was occupied the defect contour after rehydration ( Figure 5 ). The hydration driven shape memory permits a relatively good fixation trough a press-fitting effect.
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In the process of designing scaffolds and their implantation in human body, it is always beneficial to have precisely matched dimensions with the contour of bone defect. Therefore, polymers or their composites with shape memory properties can contribute significantly and scientists and researchers have developed different materials for the same application. Due to advantage of shape memory programming, polyurethane and its composites can maintain a temporary structure of interest and recover as per the need after incorporation in bone via minimal invasive bone repair [41] . Correia and coworkers [42] developed a chitosan based scaffold which possess shape memory ability triggered by hydration. The same group [43] added bioactive glass nanoparticles in chitosan by solgel method in order to enhance bioactivity and biomineralization ability of chitosan scaffold without affecting shape memory with a 89.9% recovery ratio. A bone like apatite layer was formed due to presence of bioactive glass when the scaffold was subjected to simulated body fluid (SBF), which suggested the suitability of the material for bone tissue engineering. The developed dehydrated composite scaffold with the temporary shape was placed in a defect of pig femur bone model which was occupied the defect contour after rehydration ( Figure 5 ). The hydration driven shape memory permits a relatively good fixation trough a press-fitting effect. Similarly, Leite et al. [44] prepared chitosan based shape memory spheres driven by hydration by incorporating bioactive glass nanoparticles using sol-get method and using genipin used as a cross-linker. An apatite layer was formed on the surface of the spheres immersed in SBF which Similarly, Leite et al. [44] prepared chitosan based shape memory spheres driven by hydration by incorporating bioactive glass nanoparticles using sol-get method and using genipin used as a cross-linker. An apatite layer was formed on the surface of the spheres immersed in SBF which confirmed the compatibility to bone tissue formation. They demonstrated the shape memory ability of chitosan composite sphere for bone regeneration using a self-fitting technique. Chitosan spheres with an optimized percentage of bioactive glass (10%) and genipin (10%) can be added to the bone defects with predefined shape followed by self-fitting due to rehydration ( Figure 6 ) with a shape recovery ratio of more than 88%. The spheres were demonstrated to be used for drug delivery purposes. They postulated that, after hydration, the presence of an interconnecting porous network between spheres may work as pores allowing transport of oxygen, cellular invasion, and nutrient access. Along with the biopolymers, biobased and biodegradable polymer-based polyurethanes are being used for the purpose of bone tissue engineering.
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In the recent past, superparamagnetic iron oxide (SPIO) nanoparticles have been widely employed for several applications such as tissue repair, detoxification of biological fluids, hyperthermia, drug delivery, etc. [45] . Wang and coworkers [46] have utilized SPIO's ability to promote the osteogenic induction of human bone derived mesenchymal stem cells (hBMSCs) [47] for the development of bone scaffold based on waterborne SMPs which contain SPIO nanoparticles along with polyethylene oxide or gelatin as thickener. Three-dimensional scaffold was printed using lowtemperature fuse deposition manufacturing platform and used for bone tissue regeneration. The matrix of polyurethane was made of using PCL, PLA, and diisocyanate. The developed scaffold demonstrated an effective shape memory property when fixed in predefined defect and exposed to warm water. The results indicated that the release of SPIO promoted the osteogenesis of hBMSCs in scaffolds (Figure 7 ) and secretion and deposition of collagen and calcium. In the recent past, superparamagnetic iron oxide (SPIO) nanoparticles have been widely employed for several applications such as tissue repair, detoxification of biological fluids, hyperthermia, drug delivery, etc. [45] . Wang and coworkers [46] have utilized SPIO's ability to promote the osteogenic induction of human bone derived mesenchymal stem cells (hBMSCs) [47] for the development of bone scaffold based on waterborne SMPs which contain SPIO nanoparticles along with polyethylene oxide or gelatin as thickener. Three-dimensional scaffold was printed using low-temperature fuse deposition manufacturing platform and used for bone tissue regeneration. The matrix of polyurethane was made of using PCL, PLA, and diisocyanate. The developed scaffold demonstrated an effective shape memory property when fixed in predefined defect and exposed to warm water. The results indicated that the release of SPIO promoted the osteogenesis of hBMSCs in scaffolds (Figure 7 ) and secretion and deposition of collagen and calcium. Similarly, Xie and coworkers [48] utilized hydroxyapatite (HA) nanoparticles in the fabrication of SMP foam using gas foaming technique for the treatment of load bearing bone defects. Chemical similarity to natural bone matrix (~69 wt % HA) [49] make HA exhibit strong affinity toward host hard tissues. In addition, HA has advantages such as osteoconductivity, osteoinductivity, biocompatibility which make HA useful for bone repair and bone augmentation [50, 51] . Xie et al. found that SMP foam with HA revealed excellent biocompatibility for bone tissue regeneration and promoted bone ingrowth and neovascularization. They also found that the time of 12 weeks was sufficient for the bone repairing ( Figure 8 ). It can be understood from the above mentioned literature that the reported materials had not undergone clinical trials which hinders the use of these materials for the purpose of human bone tissue engineering. It is the need of the hour to conduct long term research using animal models in order to find the clinical feasibility and use these materials for practical bone tissue engineering applications. Similarly, Xie and coworkers [48] utilized hydroxyapatite (HA) nanoparticles in the fabrication of SMP foam using gas foaming technique for the treatment of load bearing bone defects. Chemical similarity to natural bone matrix (~69 wt % HA) [49] make HA exhibit strong affinity toward host hard tissues. In addition, HA has advantages such as osteoconductivity, osteoinductivity, biocompatibility which make HA useful for bone repair and bone augmentation [50, 51] . Xie et al. found that SMP foam with HA revealed excellent biocompatibility for bone tissue regeneration and promoted bone ingrowth and neovascularization. They also found that the time of 12 weeks was sufficient for the bone repairing (Figure 8 ). It can be understood from the above mentioned literature that the reported materials had not undergone clinical trials which hinders the use of these materials for the purpose of human bone tissue engineering. It is the need of the hour to conduct long term research using animal models in order to find the clinical feasibility and use these materials for practical bone tissue engineering applications. 
Self-Healing
Designing polymeric materials mimicking the characteristics of living organisms which constitute the prevention from outer attack, self-degradation, etc., has attracted the focus of the scientific community. Polymeric materials with self-repairing capability can enhance safety, reliability, and the quality of humans. Inspired from nature, scientific groups have tried to develop materials which have a self-healing or self-repairing property. A detailed discussion on the principle of healing and crack-closing in polymers and their composites can be found elsewhere [52] . It is known that most polymeric materials are based on covalent bonds and are naturally limited not to regain initial strength after damage due to random reason [53] or they may have a non-covalent bond or act as host guest polymer [54] or an external stimuli driven dynamic covalent bond may characterize the polymer with self-healing ability [55] [56] [57] [58] . Several research works are listed in Table  1 along with self-healing, shape memory, and mechanical properties. The self-healing capability along with shape memory properties can be an additional feature for any polymer for several applications. However, as the shape memory property is a physical phenomenon and does not involve any chemical bond brakeage and formation, it may not be fully possible to recover 100% of damage. Fan et al. [59] have utilized microcapsules in bulk technique to produce SMP comprising self-healing ability called cooperative self-healing. They produced the microcapsules of a healing agent (Alodine 5200, mainly containing hexafluorotitanic acid (H2TiF6) and hexafluorozirconic acid (H2ZrF6)) by coating a layer of polyurethane (toluene diisocyanate and 1,4-butanediol based polyurethane) over healing agent as core. The SMP coating on the aluminum alloy (substrate) with self-healing ability was developed by adding polyurethane coated Alodine capsules into PEG based SMP using a bar coating at an elevated temperature. The capsules present in the bulk of the polyurethane break due to generation of defects and react with the substrate and prevent the substrate to be corroded. Cooperative self-healing is completed upon heating by triggering shape recovery (79.6%). The entire cooperative process of self-healing with shape memory property is illustrated in Figure 9 . 
Designing polymeric materials mimicking the characteristics of living organisms which constitute the prevention from outer attack, self-degradation, etc., has attracted the focus of the scientific community. Polymeric materials with self-repairing capability can enhance safety, reliability, and the quality of humans. Inspired from nature, scientific groups have tried to develop materials which have a self-healing or self-repairing property. A detailed discussion on the principle of healing and crack-closing in polymers and their composites can be found elsewhere [52] . It is known that most polymeric materials are based on covalent bonds and are naturally limited not to regain initial strength after damage due to random reason [53] or they may have a non-covalent bond or act as host guest polymer [54] or an external stimuli driven dynamic covalent bond may characterize the polymer with self-healing ability [55] [56] [57] [58] . Several research works are listed in Table 1 along with self-healing, shape memory, and mechanical properties. The self-healing capability along with shape memory properties can be an additional feature for any polymer for several applications. However, as the shape memory property is a physical phenomenon and does not involve any chemical bond brakeage and formation, it may not be fully possible to recover 100% of damage. Fan et al. [59] have utilized microcapsules in bulk technique to produce SMP comprising self-healing ability called cooperative self-healing. They produced the microcapsules of a healing agent (Alodine 5200, mainly containing hexafluorotitanic acid (H 2 TiF 6 ) and hexafluorozirconic acid (H 2 ZrF 6 )) by coating a layer of polyurethane (toluene diisocyanate and 1,4-butanediol based polyurethane) over healing agent as core. The SMP coating on the aluminum alloy (substrate) with self-healing ability was developed by adding polyurethane coated Alodine capsules into PEG based SMP using a bar coating at an elevated temperature. The capsules present in the bulk of the polyurethane break due to generation of defects and react with the substrate and prevent the substrate to be corroded. Cooperative self-healing is completed upon heating by triggering shape recovery (79.6%). The entire cooperative process of self-healing with shape memory property is illustrated in Figure 9 . Yan et al. [60] have developed a renewable castor oil based polyurethane vitrimers [72, 73] . Vitrimers are crosslinked thermosets which can easily be processed or recycled due to interchange transesterification process upon heating. In this study, the developed polyurethane vitrimers contain intrinsic carbamate bond which undergo transcarbamoylation/transesterification reaction in the presence of dibutyltin dilaurate as a catalyst and govern the thermally induced dual shape memory and self-welding ability. They found an increase in the stress of the welded samples with welding time whereas higher temperature promoted the welding ability ( Figure 10 ). Yan et al. [60] have developed a renewable castor oil based polyurethane vitrimers [72, 73] . Vitrimers are crosslinked thermosets which can easily be processed or recycled due to interchange transesterification process upon heating. In this study, the developed polyurethane vitrimers contain intrinsic carbamate bond which undergo transcarbamoylation/transesterification reaction in the presence of dibutyltin dilaurate as a catalyst and govern the thermally induced dual shape memory and self-welding ability. They found an increase in the stress of the welded samples with welding time whereas higher temperature promoted the welding ability ( Figure 10 ). In another work reported by Xu et al. [71] , the demonstration of the self-healing and shape memory ability of thermoplastic polyurethane and polycaprolactone blended with MWCNTs has been made using melt-blending technique. They disclosed that the addition of MWCNTs could allow the polyurethane blend to respond to near infrared (NIR) radiation and achieve healing repeatedly. Physical healing (nearly 96%) of sliced pieces of the developed blend was found to reach to its original flexibility after three minutes of NIR exposure (808 nm, 0.5 W) and the damaged surface was fully recovered (Figure 11 ). They also postulated that the use of NIR radiation could control the selfhealing and shape memory capability remotely. In another work reported by Xu et al. [71] , the demonstration of the self-healing and shape memory ability of thermoplastic polyurethane and polycaprolactone blended with MWCNTs has been made using melt-blending technique. They disclosed that the addition of MWCNTs could allow the polyurethane blend to respond to near infrared (NIR) radiation and achieve healing repeatedly. Physical healing (nearly 96%) of sliced pieces of the developed blend was found to reach to its original flexibility after three minutes of NIR exposure (808 nm, 0.5 W) and the damaged surface was fully recovered (Figure 11 ). They also postulated that the use of NIR radiation could control the self-healing and shape memory capability remotely. In another similar work, Du et al. [70] reported the self-healing and shape memory properties of polytetramethylene ether glycol (PTMEG) based polyurethane containing diselenide bonds induced by NIR radiation. In order to enhance the photo-thermal activity resulted from NIR radiation, they covalently incorporated the functionalized graphene oxide into polyurethane. They found that the presence of diselenide bonds greatly enhanced the self-healing capability (~90%) of the prepared composites. They concluded that the synergistic photo-thermal response and dynamic exchangeable diselenide bond contributed towards the curing of damaged sites resulting in complete healing. Similarly, Deng and colleague [69] have used the same PTMEG based polyurethane embedded with dynamic covalent bonds using disulfide bond in its backbone chain which are responsible for its conditional self-healing ability. Increasing the content of disulfide bond (12%) showed efficient selfhealing efficiency (94%). After the damage, the prepared material was healed due to the disulfide exchange in the matrix at elevated temperature (55 °C) for 30 min. In a work reported by Fan et al. [65] , utilization of the dynamic reversible covalent bonding for repeated intrinsic self-healing of wider cracks in PCL based polyurethane has been presented. They prepared the composite of polyurethane, styrene-butadiene-styrene block copolymer (SBS), and MWCNTs. They modified the crosslinked elastomeric SBS block copolymer sphere via an addition of alkoxyamine into the backbone and used as internal stress generator (Figure 12 ). Incorporation of alkoxyamine moieties, which works as intermolecular links, gives an additional feature of synchronous bond fission/radical In another similar work, Du et al. [70] reported the self-healing and shape memory properties of polytetramethylene ether glycol (PTMEG) based polyurethane containing diselenide bonds induced by NIR radiation. In order to enhance the photo-thermal activity resulted from NIR radiation, they covalently incorporated the functionalized graphene oxide into polyurethane. They found that the presence of diselenide bonds greatly enhanced the self-healing capability (~90%) of the prepared composites. They concluded that the synergistic photo-thermal response and dynamic exchangeable diselenide bond contributed towards the curing of damaged sites resulting in complete healing. Similarly, Deng and colleague [69] have used the same PTMEG based polyurethane embedded with dynamic covalent bonds using disulfide bond in its backbone chain which are responsible for its conditional self-healing ability. Increasing the content of disulfide bond (12%) showed efficient self-healing efficiency (94%). After the damage, the prepared material was healed due to the disulfide exchange in the matrix at elevated temperature (55 • C) for 30 min. In a work reported by Fan et al. [65] , utilization of the dynamic reversible covalent bonding for repeated intrinsic self-healing of wider cracks in PCL based polyurethane has been presented. They prepared the composite of polyurethane, styrene-butadiene-styrene block copolymer (SBS), and MWCNTs. They modified the crosslinked elastomeric SBS block copolymer sphere via an addition of alkoxyamine into the backbone and used as internal stress generator (Figure 12 ). Incorporation of alkoxyamine moieties, which works as intermolecular links, gives an additional feature of synchronous bond fission/radical recombination based on dynamically reversible C-ON bond to SBS. Heating to its homolysis temperature, the temperature at which the chemical bond dissociation of molecules occur and the involved electrons distribute between the formed fragments, triggers synchronous covalent bond fission and radical recombination among alkoxyamine moieties is triggered which help repeatedly self-healing without affecting the mechanical and shape memory properties [74] . They also incorporated MWCNTs to improve the electric conductivity of insulating polyurethane which helped to stimulate shape memory by Joule heating.
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Development of polyurethanes with self-healing ability can also be done by incorporation of liquid crystalline material. In this scenario, Ban and coworkers [66] integrated 4-octocyloxy benzoic acid (OOBA) into PEG based polyurethane using solution phase mixture. They found an enhanced self-healing ability of polyurethane along with a shape memory property and proposed a new mechanism of heat induced bleeding. Bleeding of liquid crystal (OOBA) at the wounded surface, due to the enhanced fluidity of molecules, upon heating at 130 °C and forming crystals via crystallization process results in self-healing or heat induced healing of damage. They stated that the developed composite can be used as flexible printed circuits, self-healing concrete, and self-protecting textiles. Figure 14 . Illustration for the use of zwitterionic moieties in the self-healing of polyurethane [62] .
Cardiovascular Implants
Development of polyurethanes with self-healing ability can also be done by incorporation of liquid crystalline material. In this scenario, Ban and coworkers [66] integrated 4-octocyloxy benzoic acid (OOBA) into PEG based polyurethane using solution phase mixture. They found an enhanced self-healing ability of polyurethane along with a shape memory property and proposed a new mechanism of heat induced bleeding. Bleeding of liquid crystal (OOBA) at the wounded surface, due to the enhanced fluidity of molecules, upon heating at 130 • C and forming crystals via crystallization process results in self-healing or heat induced healing of damage. They stated that the developed composite can be used as flexible printed circuits, self-healing concrete, and self-protecting textiles.
Cardiovascular implants such as stents, grafts, etc., are applicable to repair or replace diseased arteries in living body. As the occurrence of chronic and cardiovascular disease is increasing in society, the commercial market for these implants is escalating. Millions of patients have benefited by the use of cardiovascular implants recently [78] . Their basic function is to work as artificial conduit or replacement for non-functional veins. As an artificial conduit, cardiovascular implants should have the ability to mimic the mechanical and biological behavior of an artery which helps to sustain a prolonged healing process [79, 80] . A suitable cardiovascular implant can be derived from basic understanding of structural and functional properties of artery as they are involved in both blood and soft tissue interaction [81] . In the development of implants, design optimization is perceived as one of the most critical step. Therefore, it is always a booming area for the scientific community.
Recent technological advancement opened the door for the development of new and innovative implants which can improve the diagnosis process of the patients [82] . Use of a shape memory metal alloy such as an NiTi alloy for the development of vascular devices like stents, occlusion coils has attracted the scientific community's attention [83, 84] . Devices made of metal and its alloys have several advantages. However, they are too stiff and their design prevents them from the navigation in arteries. In the context of implants development, shape memory polymers can easily be processed/molded into the required size and shape using different techniques [85, 86] along with externally stimulated actuation. Several researchers have developed SMP for implants using different materials such as palm oil [87] , PCL-PLA with Fe 3 O 4 [88] , perfluoropolyether [89] , etc. Therefore, there is a requirement for devices which have access and delivery into the tortuous arteries made of polymers having flexibility and a high shape recovery ratio.
In this perspective, Baer and coworkers [90] have proposed a stent prototype developed using biocompatible SMP [91] . The stent was prepared using the dip coating technique on a stainless steel pin followed by drying in vacuum. In order to create the mesh pattern on the prepared stent, the laser etching method was applied to 50% of the solid stent ( Figure 15 ). They found that the developed laser etched stent showed full shape recovery with an expansion ratio of 2.7 and 1% axial shortening after crimping. In addition, the device did not begin to self-expand during navigation into the artery and it can show the controlled actuation by an external heat source.
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Author's Perspective on the Shape Memory Polyurethane Composites
Our group has demonstrated the development of PCL based polyurethane composite with chitosan [106] . Chitosan has an advantage of antibacterial property along with the induction of bone formation and wound healing ability which is shadowed by the limitation of its processing temperature. Due to the overlapping of melting temperature and thermal degradation temperature, chitosan cannot be thermally processed along with other polymers in order to fabricate composites. Therefore, dispersion or blending of chitosan in polymer matrix is always a challenging task. In this regard, our group has made efforts to homogenously disperse chitosan into the polymers by in situ polymerization instead of blending chitosan with the polymer matrix. We have fabricated PCL based polyurethane by in situ polymerization in presence of micro-to-nano sized chitosan. The advantage of using nano sized chitosan is that it provides several hydroxyl groups to react with isocyanate resulting in the formation of urethane bonds which lead to homogeneous dispersion and interfacial adhesion of nano chitosan in polymer matrix. We have found that the presence of chitosan in polyurethane matrix acts as crosslinking point in the polymer matrix which possibly enhances the mechanical property along with thermo-responsive shape memory ability of the composite (Figure 18 ). The use of chitosan as a filler in polyurethane matrix provides opportunities for developing polymers with tailored properties. The presence of chitosan in polyurethane matrix enhances the applicability of the polyurethane in several biomedical domains such as medical bandage development, bone tissue engineering, self-healing, implants development, etc.
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Due to the presence of chitosan, biodegradable polymer such as polycaprolactone (PCL) based SMP composites can be used for several applications. As described in the previous section, every application is based on some specific essential properties. In order to develop the medical pressure bandage, shape memory of the polyurethane is the key property which generates the required pressure. The same can be tuned by adjusting the amount of chitosan in the polymer matrix. The usability of the pressure bandage made of PCL based polyurethane chitosan composite can be enhanced by the incorporation of essential drug into polyurethane matrix which will be delivered as and when required for wound treatment.
Similarly, PCL based polyurethane chitosan composite can be used for bone tissue engineering as discussed in the previous section. Utilization of swelling ability and bone formation induction ability of chitosan along with shape memory ability of PCL polyurethane synchronously may result in an effective formulation for bone healing application. The addition of a required healing drug in the polymer matrix can enhance the applicability of the polyurethane chitosan composites.
The effective use of PCL based SMP chitosan composite can be demonstrated in the production of cardiovascular implants. Polyurethane chitosan composite along with a deliverable drug can be thermally processed to stents or scaffold using 3D printing or other techniques. The developed stent may attain the shape memory ability together with drug delivery system which are the key properties required for the development of temporary self-expanded stents. The known rate of degradation of Figure 18 . Demonstration of the shape memory ability of PCL based polyurethane chitosan composite [106] .
The effective use of PCL based SMP chitosan composite can be demonstrated in the production of cardiovascular implants. Polyurethane chitosan composite along with a deliverable drug can be thermally processed to stents or scaffold using 3D printing or other techniques. The developed stent may attain the shape memory ability together with drug delivery system which are the key properties required for the development of temporary self-expanded stents. The known rate of degradation of the polymers and fillers may help in the prediction of the working age of a temporary self-expandable stent after injection in the vein and thus, reducing the chances of secondary surgery.
The above discussion shows the significance of incorporation of fillers into the polyurethane matrix for intended applications. Materials like chitosan can enhance the usefulness of the polyurethanes in several biomedical applications. Likewise, other fillers such as lignin, carbon-based fillers, metals, hydroxyapatite, bioactive glass, and other organic or inorganic fillers can also be incorporated in the polymer matrix for better applicability of biodegradable SMP for targeted applications.
Summary
The use of SMPs and their composites in a wide range of different applications show the versatile nature and importance of this material. It is not far from being accepted for use in clinical applications. Applications such as self-healing, bandages, implants, etc., need validations with real conditions which is a costly and time-consuming process. Moreover, the biocompatibility and biodegradability of these materials in stipulated time along with desired shape memory properties are key factors in order to be applicable in mentioned areas. However, it can be confirmed that SMPs and their composites may be regarded as fascinating materials and potential candidates for several biomedical and engineering applications. We believe that the research and exploration in designing SMP and its composites with multidimensional aspects will grow further and contribute to human health along with the environment.
